Summary: Immediately following concussive brain in jury, cells exhibit an increase of energy demand repre sented by the activation of glucose utilization. We have proposed that this trauma-induced hypermetabolism re flects the effort of cells to restore normal ionic balance disrupted by massive ionic fluxes through transmitter gated ion channels. In the present study, changes in local CMR g lc following fluid-percussion concussive injury were determined using [14C]2-deoxy-n-glucose autoradi ography, and the effects of in situ administration (via mi crodialysis) of excitatory amino acid (EAA) antagonists [kynurenic acid (KYN), 2-amino-5-phosphonovaleric acid (APV; 100 fJ,M, I mM, and 10 mM), and 6-cyano-7-nitroquinoxaline-2,3-dine (CNQX; 300 fJ,M, I mM, and 10 mM] on glucose utilization were investigated. Animals that did not receive dialysis showed a remarkable inIn recent work using microdialysis, the changes in extracellular potassium ([K + ] e ) and the release of excitatory amino acids (EAAs) have been docu mented following experimental concussive (Katayama et aI. , 1988(Katayama et aI. , , 1990) and contusion (Faden et aI., 1989; Nilsson et aI. , 1990) 
In recent work using microdialysis, the changes in extracellular potassium ( [K + ] e ) and the release of excitatory amino acids (EAAs) have been docu mented following experimental concussive (Katayama et aI. , 1988 (Katayama et aI. , , 1990 and contusion (Faden et aI., 1989; Nilsson et aI. , 1990) brain injury. In crease (up to 18l % of normal control) in cortical glucose utilization following injury. In contrast, this high demand for glucose was reduced in areas infiltrated with KYN, APV, and CNQX. These results indicate that EAA activated ion channels are involved in the posttraumatic increase in glucose utilization, reflecting the energy de mand of cells required to drive pumping mechanisms against an ionic perturbation seen immediately following the concussive injury. The effects of KYN, APV, and CNQX suggest that although all subtypes of the glutamate receptor appear to be involved in this phenomenon, N methyl-n-aspartate-activated channels may play a major role. Key Words: Concussion-Excitatory amino acid an tagonist-Glucose utilization-Hypermetabolism-Ionic flux-N-Methyl-n-aspartate.
general, it was found that during the first few min utes following injury, [K +] e increases remarkably, along with a dram' atic release of glutamate. This combination of an injury-induced elevation of [K +] e and the release of glutamate may produce a positive feedback loop perpetuating events to such a level as to disrupt synaptic transmission (Katayama et aI. , 1990) . In addition to the changes seen in K + follow ing concussive brain injury, calcium (Ca 2 +) also ap pears to contribute to the posttraumatic ionic flux (Cortez et aI. , 1989; Katayama et aI., 1989; Fineman et aI. , 1990; Thomas et aI., 1990; Smith et aI., 1991) , thereby exacerbating the ionic destabilization of the membrane.
In line with this hypothesis, previous studies us ing e4C]2-deoxY-D-glucose (e4C]2DG) autoradiog raphy have demonstrated a remarkable increase in the local CMRglc (LCMRglc) throughout the entire cortex immediately following a fluid-percussion (F-P) brain injury (Shah and West, 1983; Nakamura et al., 1987; Yoshino et al. , 1990) . Furthermore, it has been reported that mitochondrial energy production is quite resistant to this type of injury (Duckrow et al., 1981; Vink et aI., 1990) , arguing that this trauma-induced increase in glucose utilization is not due to the impairment of oxidative metabolism (Andersen and Marmarou, 1989b) . As proposed by Andersen and Marmarou (1989b) , posttraumatic in creases in energy demand may reflect the efforts of cells to restore normal ionic balance disrupted by ionic shifts through transmitter-gated ion channels (Katayama et al., 1990) . This is important to clarify since this phenomenon may be the first postinjury response responsible for inducing subcellular met abolic disruptions (Garthwaite et al. , 1986; Choi, 1987; Novelli et al. , 1988; Katayama et al. , 1990) , thereby rendering the traumatized cells more vul nerable to secondary insults such as posttraumatic ischemia (Graham et al. , 1978; Ishige et al. , 1988; Jenkins et al., 1989) .
The present study was designed to test the hy pothesis of whether the increase of energy demand following traumatic brain injury is due to the mas sive ionic fluxes through the EAA-gated ion chan nels. To this end kynurenic acid (KYN) , a broad spectrum glutamate antagonist (Perkins and Stone, 1982; Ganong et al. , 1983; Robinson et al. , 1984; Jahr and Jessell, 1985) , 2-amino-5-phospho novaleric acid (APV), a selective N-methyl-D-
The position of craniotomy for placement of an injury screw (the center; ante rior = 2.0 mm and lateral = 0.0 mm) and burr holes for insertion of microdialysis probes (pos terior = 2.5-3.5 mm and lateral = 3.0-3.5 mm).
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The position of microdialysis probes placed bilaterally in the parietal cortex. One probe was perfused with test drug (5.0 fLl/min for 30 min) and the other with Ringer's solution. The numbered squares represent the six se lected brain regions (1-6, 0. 75 x 0.75 mm) in each parietal cortex (total = 12 regions) for measurement of local CMR g lc' They were positioned bilaterally at 1.0, 2.0, and 3.0 mm medial and lateral to the insertion point of each dialysis probe at a depth of 1.5 mm.
aspartate (NMDA) antagonist (Davies et al., 1981; Meldrum et aI., 1983) , and 6-cyano-7-nitro quinoxaline-2,3-dine (CNQX), a non-NMDA antag onist (Honore et al. , 1988) , were administered in situ to the rat cerebral cortex via microdialysis prior to an F-P injury, and the effects of these drugs on LCMRglc immediately following the injury were ex amined.
MATERIALS AND METHODS

Surgical preparations
Seventy-two young male Sprague-Dawley rats (250-300 g) were anesthetized with a mixture of 33% oxygen, 66% nitrous oxide, and enflurane (1.5-2.0 mllmin). With the rectal temperature kept at 37.0-38.0°C via a thermo statically controlled heating pad, the femoral vein and artery were catheterized using PE-50 polyethylene tub ing. After cannulation, the animals were placed in a ste reotaxic frame, the calvarium was exposed, and a crani otomy was performed for placement of a hollow plastic screw (OD 5.0 mm, ID 3.5 mm) used to administer an F-P injury (see below). The screw was placed epidurally, the center of which was positioned on the midline 2.0 mm anterior to the bregma (see Fig. I ). This position, which is more anterior compared with that described in previous studies (Dixon et al., 1987; Katayama et al., 1990) , was selected to produce posttraumatic hypermetabolism of the cortex bilaterally and to enable the placement of mi crodialysis probes in each parietal cortex. Two small burr holes were made posterior to the injury screw (2.5-3.5 mm posterior to bregma and 3.0-3.5 mm lateral to the mm below the surface of the dura (see Fig. I ). All surgical wounds were infiltrated with 1% xylocaine.
Microdialysis procedures
One microdialysis probe was always perfused with Ringer's solution to control for the nonspecific effects of microdialysis procedures. The other served as a test probe for the administration of drugs. Three drugs, KYN (l0 mM), APV (100 ILM, 1.0 mM, 1OmM), and CNQX (300 ILM, 1.0 mM, 10 mM), were tested. All drugs were per fused for 30 min just prior to the administration of the F -P pUlse. Drug concentrations and perfusion times were de termined from previous studies (Ganong and Cotman, 1986; Choi et ai., 1988; Honore et ai., 1988; Lysko et ai., 1989; Katayama et ai., 1990) . Each dialysate was per fused using a 250-ILI Hamilton micro syringe and a micro perfusion pump (CMA/l00; Bioanalytical System) at a rate of 5.0 ILl/min. The dialysate was adjusted to pH 7.4 and osmolarity of 308 mOsmol/L, and the temperature was maintained at 37.0--38.0°C with a perfusion warmer (Katayama et ai., 1990) . Before and after the dialysis, the probes were checked microscopically to confirm the in tegrity of the membrane and the lack of bubbles.
Procedures for injury induction
Upon completion of the perfusion, the probes were re moved, the injury screw was secured, and the burr holes closed using cyanoacrylate and dental acrylic. The con cussive brain injury was administered utilizing an F-P de scribed in more detail elsewhere (Sullivan et ai., 1976; Dixon et ai., 1987) . Briefly, animals were removed from the stereotaxic frame and the injury screw was connected to the saline-filled F-P device with pressure-resistive polyethylene tubing (20 cm). Delivery of gas anesthesia was terminated 60 s before delivery of a transient pres sure fluid pulse to the epidural space. A strain-gauge transducer between the injury cyl inder and injury screw measured the amplitude (2.3-2.7 atm) and duration (21-23 ms) of the fluid pulse wave. This amplitude produced unconsciousness (judged as the pe riod until occurrence of a toe-pinch withdrawal reflex) lasting up to 5 min after the injury. Although transient apnea was often induced at this injury level, no systemic circulatory collapse was observed. If apnea persisted for > 10 s, respiration was mechanically supported for 30 s with a mixture of oxygen and room air. When respiratory support was required for longer than 30 s, the animal was excluded from the study.
Procedure for 2DG autoradiography
Following the procedure originally described by Sokoloff et ai. (1977) , [14C12DG (200 ILCi/kg i. v.) was slowly injected (duration 30 s) followed by the delivery of the F-P injury. The injection of 2DG immediately prior to injury ensured that the measurement of glucose utiliza tion would reflect the massive ionic perturbations that occur during the first few minutes following concussion (Katayama et ai., 1990) . Blood samples were collected periodically through the arterial catheter for measure ments of plasma glucose and 14C activity. Forty-five min utes after the injection, a sample for blood gas analysis was collected and the animals were administered a lethal J Cereb Blood Flow Metab, Vol. 12, No. 1, 1992 dose of sodium pentobarbital (l00 mg/kg i. V.). The brains were quickly removed and frozen in powdered dry ice. Frozen coronal sections were cut at 20 ILm in a cryostat (50-AB; Lipshaw) at -20°C and mounted onto cover slips. Through the region of the dialysis probes, every 10th section was processed for autoradiography with ad jacent sections stained for thionine. Sections along with e4Clmethylmethacrylate standards were exposed to Kodak NMC 100 film for 7 days. Quantification was car ried out by measuring optical densities using an image analyzing system (Java; Jandal Scientific) followed by the calculation of the LCMR g lc (ILmol/100 g/min).
Sham controls
In the present study, three different kinds of sham con trol animals were prepared (Sham I, Sham 2, and Sham 3). Sham 1 animals underwent the standard anesthetic and surgical procedure without microdialysis or F-P in jury. Sham 2 animals did not receive microdialysis; how ever, they endured the F-P injury. Sham 3 animals were administered the test drug and Ringer's solution through the microdialysis probes, but did not receive an F-P in jury (see Table 1 ).
Data analysis
The LCMR g lc was calculated for six different regions (each region 0.75 x 0.75 mm) in the parietal cortex of each hemisphere (total 12 regions per rat) (see Fig. 1 ). The six regions were positioned at 1.0, 2.0, and 3.0 mm medial or lateral to the insertion point of dialysis probes and at a depth of 1.5 mm (the midpoint of the width of cortical mantle). Optical densities were measured at each point across five different sections per brain. For statis tical comparisons an analysis of variance (ANOV A) was employed with individual regions treated as within subject factors. This approach was used not to provide a formal statistical test, but rather to allow for meaningful comparisons between sides within regions. For the two sham groups that did not receive dialysis (Sham 1 and Sham 2), an ANOV A was performed with the six regions per side treated as within-subject factors. For analysis of the sham animals that did receive microdialysis (Sham 3), comparisons were made using an ANOV A between sides (vehicle versus drug) with the six regions on each side treated as within-subject factors. Post hoc comparisons between each side for separated regions were made using appropriate contrasts. For all experimental groups (those receiving microdialysis and an F-P injury), comparisons were made using an ANOV A comparing between sides (vehicle versus drug) with the six regions on each side treated as within-subject factors. Post hoc comparisons between each side for separate regions were made using appropriate contrasts. 
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Sh am 3 and Test groups consisted of seven subgroups (KYN: 10 mM ; APV 10 0 f,LM , 1. 0 mM , 10 mM ; CNQX: 300 f,LM , 1. 0 mM , 10 mM ). For abbreviations see th e text.
RESULTS
Physiological and morphological characteristics
Following F-P injury, none of the animals dis played convulsive seizures and all values for blood gases were within normal physiological limits (non injured animal groups: pH = 7.413 ± 0.006, Pc0 2 = 35. 7 ± 1.27 mm Hg, P0 2 = 115. 7 ± 3. 9 mm Hg; injured animal groups: pH = 7.414 ± 0.006, Pc0 2 = 38. 6 ± 1. 8 mm Hg, P0 2 = 102.4 ± 2.1 mm Hg). Histological examination of thionine-stained sec tions revealed no morphological changes such as contusions or massive intracerebral hemorrhages and minimal damage was seen due to insertion of the microdialysis probes (see Fig. 2 ). No distin guishable differences were observed between the Ringer's solution-perfused hemisphere and the drug-perfused hemisphere.
Changes of LCMR g Ic following F-P injury
Changes of glucose utilization immediately fol lowing F-P injury were assessed by comparison of LCMRglc between noninjured animals (Sham 1; n = 4) and injured animals (Sham 2; n = 5). The LCM Rglc measured in Sham 1 animals ranged from 62.4 ± 13.2 to 75. 1 ± 8. 5 f.Lmol/100 g/min (mean ± SD) (see Table 2 ). In contrast, compared with the non injured animals, Sham 2 animals showed remarkable increases (up to 181 %) in LCMRglc ranging from 95. 8 ± 13.3 to 117.3 ± 7.7 f.Lmol/100 glmin [(F(1,17) Table 2 ; Figs. 3 and 4). This increase of glucose utilization following a central F-P injury was observed in the cortex bi laterally and exhibited no statistical differences be tween the left and right hemispheres.
Effects of EAA antagonists on LCMR g Ic in noninjured brain
In Sham 3 animals (n = 28), the effects of EAA antagonists on glucose utilization in the noninjured brain were evaluated. The LCMRglc values were compared between the drug-perfused and the Ring er's solution-perfused hemisphere in each animal (see Table 3 ). The results showed that administra tion of KYN, 100 f.LM APV, and 300 f.LM CNQX via microdialysis did not have any significant effect on LCMRgl C in any of the six brain regions (see Figs. 5-7). However, 1 mM APV and 1 mM CNQX slightly decreased LCMRglc in regions 5 [86.8% of control; F(1,7) = 10. 8, P < 0.05] and 4 [91.6% of control; F(1,7) = 158.5, p < 0.01], respectively. At a 10 mM concentration, a greater area of the cere bral cortex was affected by APV and CNQX, re sulting in a significant decrease of LCMRgl C throughout regions 3-5. For APV, rates fell to lev-
Thionine-stained 20-fLm coronal section through the track left by the microdialysis probe. Note the minimal damage caused by insertion of the probe. Histological examinations revealed no contusions or massive intracerebral hemorrhages and no distinguishable differences between the Ringer's-and the drug-perfused hemisphere. Scale bar, 1 mm. F-P injury, LCMRglc values of the drug-perfused hemisphere were compared with rates of the con tralateral control hemisphere in injured animals (n = 35) (see Table 4 ). Although all drugs effectively reduced the level of glucose utilization normally seen immediately following injury, they exhibited different levels of effectiveness. The administration of KYN (10 mM) resulted in LCMRglc values that were 54.4% of control throughout all regions [F(I,9) = 21.2, p < 0.01] (see Fig. 5 ). This represented an affected area � 7 mm in diameter centered at the probe tip (see Fig. 3 ). APV, at concentrations of 10 and 1 mM, also prevented the posttraumatic meta bolic increase, resulting in rates that were 59.2% [F(I,9) = 20.7, p < 0.05] and 61.9% [F(l,9) = 36.7, p < 0. 01] of control, respectively (see Fig. 6 ). The effect of APV was seen over a larger area than that of KYN, extending up to 15 mm in diameter on the coronal section (see Fig. 3 ). The lowest concentra tion of APV tested (100 j-lM) showed a mild reduc tion of LCMRglc affecting only regions 4 and 5, rep resenting rates that were 90.3% of control [F(1,9) = 13. 7, p < 0.5].
Compared to both KYN and APV, CNQX showed milder effects on LCMRglc following F-P injury. Even at 10 mM (the highest concentration tested), CNQX decreased LCMRglc of injured brain to only 80.9% (regions 2, 4-6) of control [F(1,9) = 58.9, p < 0.01] (see Fig. 7 ). At 1 mM, CNQX had only a mild effect on region 4, exhibiting levels that were 85.5% of control [F(1,9) = 27.4, p < 0.01]. At the lowest concentration tested (100 j-lM), CNQX showed no significant effect on LCMR g lc following the injury.
DISCUSSION
Measurements of glucose metabolism immediately following brain injury
It has been well documented that the LCMR g lc, as calculated using the Sokoloff et al. method (1977) , can lead to misleading results when the state of the brain is not stable (Ginsberg and Reivich, 1979; Sokoloff, 198Ia,b) . Factors relevant to this , 1988) . Given that the current study involved the use of the 2DG procedure during the pathophysiological state of concussive brain injury, these factors need to be addressed.
Following F-P injury many studies have reported the lack of diffuse changes in blood-brain barrier permeability (Rinder and Olsson, 1968a,b; Pov lishock et aI. , 1979; McIntosh et aI. , 1989) . Even within the specific regions of blood-brain barrier disruption, LCMRglc calculations indicated that the
mechanisms of glucose transport were not grossly disturbed (Hayes et aI., 1988a) . In a very recent study (Yoshino et aI. , 1990) , animals showed no significant extravasation of Evans Blue albumin fol lowing a more severe F-P injury than that used in the current study. Finally, the levels of brain glu cose are not significantly altered 1 h following an F-P injury similar to the one used in the current investigation (Yang et aI. , 1985) . Taken together with the results of the current study, indicating that the levels of plasma glucose stay within normal lim its following injury, it appears very unlikely that the lumped constant is significantly altered following F-P injury. Another pathophysiological situation that can in validate the measurements of glucose utilization uti lizing the Sokoloff formula is severe reduction in CBF (Ginsberg and Reivich, 1979; Sokoloff, 1981; Nakai et al., 1988; Shiraishi et al., 1989) . Previous studies indicate that immediately following F-P in jury, CBF increases, then quickly decreases below normal levels, returning to normal levels within a few minutes (Meyer et al., 1970; Nilsson and Nord strom, 1977a) . Others have reported that even fol lowing severe F-P injury, CBF stays within normal limits when tested 60 min after the insult (DeWitt et al., 1988) . In a study utilizing radioactive micro spheres, CBF was decreased primarily within the cerebral hemisphere 60 min following trauma (Ya makami and McIntosh, 1989) . In all of the above studies reporting changes in CBF following F-P in jury, the lowest level ofCBF reported is 50.0 mlll00 g/min, which is > 100% above that which would be considered ischemic (Astrup, 1982) . From the above review, it appears that the use of the 2DG method following F-P injury yields results that are both valid and reliable. Therefore, as con ducted in the current study, the calculation of LC MRglc using the Sokoloff equation can provide ac curate rates of glucose metabolism. Consequently the results of the current study indicate that within the cerebral cortex LC MRglc is dramatically in creased immediately following F-P injury.
Role of ionic fluxes and glucose metabolism
It has been well documented that following con cussive brain injury there is an immediate increase of extracellular K + (Takahashi et al., 1981; Tsub okawa, 1983; DeSalles et al. , 1986; Katayama et al. , 1990) and an accumulation of Ca 2 + (Katayama et al., 1988; Cortez et al., 1989; Fineman et al. , 1990; Smith et al., 1991) . In addition to the ionic fluxes following injury, there is a concomitant increase in the EAA glutamate (Katayama et al., 1988 (Katayama et al., , 1990 Faden et al., 1989; Nilsson et al. , 1990) . The in crease of glutamate and that of [K + ] e appear to be related since blocking the EAA receptors with KYN prevents the posttraumatic increase in [K + ]e (Katayama et al., 1990) . Furthermore, it has been reported that traumatic cellular swelling is caused by water influx due also to the opening of ligand gated ion channels activated by EAAs (Katayama et al. , 1989) . The results of the current study extend this causal relationship between traumatic EAA ac cumulation and ionic perturbation to the metabolic processes of the injured cells. Even in the normal condition, membrane leakage of Na + -K + ions and associated "back"-transport consume a surprisingly large part (>40%) of the to tal energy production in the brain (Whittam, 1962; Astrup et al., 1981) . In some physiological (Friedli, 1978; Galvan et al.,·1979; Mata et al., 1980) and pathological (Shinohara et al., 1979) conditions, it has been also well documented that ionic shifts (e.g., increase in [K + ]e) activate Na + , K + -ATPase, which in turn leads to the increase in glucose utili zation (Sokoloff, 1981a,b) . Previous studies using experimental concussion models have demon strated that energy (ATP) supply is not grossly im paired by the level of injury used in the current study (Nilsson and Ponten, 1977; Nilsson et al., 1977; Duckrow et al., 1981; Yang et al. , 1985; Andersen and Marmarou, 1989a,b) . Therefore, en ergy demand, as represented by the increase of glu cose utilization following F-P in the current study, occurs in the face of adequate energy supply. It has been proposed that this increase in demand is due to the large amount of energy required by the cells to reinstate normal ionic membrane balance originally The dose of 100 fLM APV exhibited a mild effect on LCMR g lc in regions 4 and 5. In noninjured animals, 100 fLM APV did not have an effect on LC MR g ,c. However, 1.0 mM APV slightly decreased LCMR g lc within region 5 and 10 mM APV resulted in a significant decrease in LCMR g ,c in regions 3-5. 'p < 0.05, "p < 0.01.
disrupted following concussion (Andersen and Mar marou, 1989b) . Inc:-eases in energy metabolism and substrate supply are typically observed following concussive brain injury (Nelson et aI. , 1966; Ward, 1966; Meyer et aI. , 1970; Nilsson and Ponten, 1977; Nilsson and Nordstrom, 1977a,b; Duckrow et aI. , 1981; Young et al. , 1982; Ishige et al., 1988; Yoshino et al., 1990) . Neuronal excitation following injury has previously been suggested as a cause of this high energy de- Mean ± SO local CMR g ,c (LC MR .2 lc) (for six selected brain regions) of Ringer's solution-perfused (filled columns) and 6-cyano-7-nitroquinoxaline-2,3-dine (CNUX; three different doses: 300 fLM, 1.0 mM, and 10 mM)-perfused brain (stippled col umns) in noninjured (Sham 3) and injured animals. CNOX had milder effects on LC MR g lc compared to kynurenate and 2-amino-5-phosphonovalerate. The dose of 300 fLM CNOX had no effect on LCMR g ,c following the injury. CNOX at 1.0 and 10 mM decreased LCMR g lc in region 4 and in regions 2 and 4-6, respectively, in the injured brain. In the noninjured brain, 1.0 and 10 mM CNOX decreased LC MR g ,c in region 4 and in regions 3-5, respectively. At 300 fLM CNOX had no effects on LCMR g lc in the noninjured brain. 'p < 0.05, "p < 0.01.
mand (Nilsson and Nordstrom, 1977a,b; Duckrow et aI., 1981; Rosenthal et aI., 1982) . However, this excitation is usually observed at just the initial mo ment following injury (Walker et aI., 1944; Hayes et aI., 1988b) and is followed by a period of depressed Vol. 12, No. I, 1992 neuronal activity (Duckrow et aI., 1981; Rosenthal et aI., 1982; Dixon et aI., 1987) . Therefore, it would not be sufficient to induce such a dramatic increase in glucose utilization demonstrated in the present 2DG study. Furthermore, animals in the current study showed no convulsive seizures, indicating that injury-induced epileptic discharges could not account for the increase in glucose utilization. Given the above discussion, the increase of LCM Rglc seen immediately following injury is most likely due to ionic perturbations across the cell mem brane.
Since blocking the EAA receptors prevents the major component of the concussion-induced ionic flux (Katayama et aI., 1990) and reduces the accu mulation of extracellular lactate (Kawamata et aI. , 1990) , similar receptor blockade should also reduce the demand for glucose utilization. In the current study, three different EAA blockers (KYN, APV, CNQX) exhibited different levels of efficacy in blocking the injury-induced increase of LCMRglc. Both KYN and APV remarkably reduced the in crease of glucose metabolic rates; however, the ef fective area of KYN was more localized than that of APV. This difference may be due to differences in diffusion of the drugs in the extracellular space as well as to differences of drug efficacy itself.
During administration of a drug via microdialysis, the drug goes into the extracellular space, conform ing to a concentration gradient across the mem brane and consequently being diluted immediately by extracellular fluid. Since the concentration of the drug in the extracellular space is influenced by many factors such as flow rate, perfusion time, con centration, and osmolality of dialysate, one cannot determine the exact concentration of drug in any specific brain area. However, the brain region clos est to the dialysis membrane should contain the highest concentration of the drug. At such a close proximity to the dialysis membrane, the efficacy of the drugs can be compared semiquantitatively, since factors such as flow rate, perfusion time, and osmolarity could be assumed to be constant. There fore, area 4 was chosen for comparing the efficacy of APV and CNQX.
The high concentrations of APV and CNQX re duced LCMRglc not only in injured brain, but also in small restricted regions of the normal brain, which probably reflects their ability to reduce spontane ous cell firing (Armstrong-James et aI., 1985; Arm strong-James and Fox, 1988). However, when these high doses were administered to the animals prior to injury, the amounts of cortical area spared from the hypermetabolic response was much greater than that in the uninjured controls. Furthermore, even at the lower concentrations of these drugs, which did not affect LCMRglc in normal brain, the injury induced increase in LCMRg1 C is also blocked. Therefore, we propose that EAA antagonists de crease LCMRglc in the injured brain by blocking the EAA-activated ion channels, preventing ionic per turbation that in turn would induce an increase in energy demand following concussive brain injury.
The dose response suggests that APV is more effective in blocking this metabolic increase follow ing F-P injury. Since APV is a selective NMDA antagonist (Davies et aI., 1981; Meldrum et aI., 1983) and CNQX is a non-NMDA antagonist (Hon ore et aI. , 1988) , this result suggests that NMDA activated channels may play a major role in the in crease of glucose utilization following brain injury.
However, recent work (Rao et aI. , 1990) has re ported that in molar concentrations similar to those used in the current study, CNQX can antagonize both a quisqualate-and a o-serine-induced increase in cyclic GMP when administered directly into the cerebellum of mice. This suggests that CNQX can antagonize a response thought to be mediated by NMDA-associated glycine recognition sites, indi cating that the specification of CNQX as a "pure" non-NMDA antagonist may be premature. This re sult may prohibit the use of CNQX as a control for NMDA-related experiments.
This issue of specificity may not allow for con trolling of all possible interactions with the NMDA receptor in the current study; however, the dose response and the overwhelming effect of APV strongly suggest that this receptor plays a major role in the concussion-induced increase of cerebral metabolism. In support of this hypothesis, the total amount of ionic flux should be proportional to the product of the ionic conductance and the population of the channels. It has been reported that the ionic conductance of the NMDA-activated channel is much greater than that of non-NMDA-activated channels (Ascher and Nowak, 1987; Jahr and Stevens, 1987) . Therefore, if, following injury, both NMDA and non-NMDA receptors are equally acti vated, the NMDA-activated channel would induce a greater ionic flux and consequently contribute more to the increase in energy demand than non NMDA-activated channels.
This study utilized the microdialysis technique to introduce EAA antagonists in situ prior to the ad ministration of an F-P injury. As reported, introduc ing these agents to the extracellular milieu of the cerebral cortex reduces the hyperglycolysis typi cally seen following injury. This would suggest that systemic treatment with EAA antagonists may pro vide some protection to cells that are to be sub jected to injury. This may have implications clini cally for neurosurgical patients. 
